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 Integrated ship communication systems require 
reliable and safe communication media that is 
suitable for fiber optic cables. This paper 
investigates such systems. The focus of this paper 
is on the research into the influences of different 
Doppler spectrum types to measure bit error rate 
in communications based on fiber optics. The 
results show that the highest BER is obtained for 
Asymmetrical Jakes and the lowest for the Jakes 
spectrum type. Although we are interested in 
communications aboard ships, the methodology 
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1 Introduction 
 
Fiber optic communication media is popular 
applications to computer and integrated networks, 
fiber optic local area networks (FOLANs), and the 
Internet. These networks are present both offshore 
and land applications.  
Although ships appear relatively small in length, the 
actual length of all cables aboard is huge. 
Investigation of appropriate spectrum type leads to 
conclusions about appropriate type for desired bit 
error rate (BER). 
There are several reasons for optical technology 
usage aboard vessels [1]:  
- high reliability, no need for grounding, no 
worries about short circuits, overvoltage, 
fire, and similar;  
- reduction of volume and weight up to 90% 
in comparison to cooper wires;  
- simple self-diagnostics;  
- integration of all ship systems and 
subsystems by FOLAN;  
- support of increase in capacity;  
- long lifetime;  
- resistivity to EM (Electro-Magnetic) 
disturbances and interferences; 
- cheap and simple installation, and 
- maintenance cost reduction.  
Fiber optic media became an optimal media for 
application in dangerous, explosive and high 
temperature environments existing in the ships. 
Although we are primarily interested in ship 
communications, the paper can be applied to land 
and ship communications. 
This is, however, not the first study of 
nonlinearities. So, the influence of the nonlinear 
effects was studied in [2]. A detailed analysis of all 
parts of the optic communication system is 
presented in [3]. A simulation platform for photonic 
transmission systems is presented in [4]. Cutting 
edge trends in fiber optic communication systems 
can be found i.e., in [4–7]. It can be seen that efforts 
are made in the direction of the development of high 
capacity super channels. 
The paper is organized as follows. A fiber optic 
communication system model is presented in the 
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second section. Simulation parameters and results 
are presented in the third section (for various 
spectrum types, namely Jakes, Bell, Flat, Gauss,   
Bi-Gauss, Rounded and Asymmetrical Jakes). A 
comparison of these spectrum types is also 
presented in this section. The last section gives the 
conclusions. 
 
2 Simulation settings 
 
2.1 Simulated system 
 
Each communication system consists of the 
transmitter, the receiver part, and the 
communication channel. As the communication 
channel introduces errors into a communication 
process, it is, thus, the scope of this research paper. 
In the case of fiber optic media, the communication 
channel consists of the optical media (dielectric 
material).                   The transmitter part consists 
of:  
- the signal source,  
- the modulation block,  
- the transmit filter, and  
- the optic transmitter.  
Transmission is modeled with the transmit filter. 
Fiber optic media model must contain any shifts and 
changes which could be found in operation of the 
communication system. To simulate all influences, 
we used AWGN (Additive White Gaussian Noise) 
and Rayleigh fading. Finally, the receiver part 
consists of the optic receiver and demodulator. This 
is schematically shown in Fig. 1. 
 
 
Figure 1. Fiber optic communication system model. 
For the model in Fig. 1, Simulink simulation model 
has been developed. The simulation model is used 
for the experiments (simulations). Results are 
exported to Matlab and saved for an off-line 
analysis. 
 
2.2 Additional information 
 
Simulations were performed on Windows operating 
system in the Matlab/Simulink environment and the 
Communication System Toolbox. Only standard 
components were used for every part of the system 
in Fig. 1. Properties are further explained in the 
following section. A link between photonics and 
development of Simulink models for optic 
communications is given in [4]. A complete 
Simulink model for OFDM (Orthogonal frequency 
division multiplex) system is given in [8]. AWGN 
and Rayleigh fading is used in the model for the 
communication channel modeling. In [9], it is 
proven that Simulink is efficient for simulation of 
the fiber optic communications with minimum 
development and computational time. These 
references propose models for the fiber optic 
communication channel simulation in the Simulink 
environment. 
Multipath has already been incorporated into 
Simulink blocks. However, Multipath is not 
superfluous. Multipath presents an extra safety 
property/level necessary for the critical information 
to reach the designated receiver. This information 
can be vital in the ship systems status monitoring 
and the prevention of the avalanche failure. 
Multipath is also safety redundancy management in 
case some naval progression paths are stopped due 
to damages in combat. It enables partially damaged 
communication system to operate, and satisfy its 
duty in the integration of the ship systems. 
Multipath can cause problems due to interference of 
different paths (see [10]). 
Rayleigh fading and AWGN impact on optical 
communication systems can be further explored 
(see i.e. [11]). This signal is assumed to be a real-
valued signal, si(t), of duration T, which is described 
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It propagates over the optical channel with 
characteristics that the channel noise is a zero-mean 
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AWGN. AWGN originates from amplified 
spontaneous emission (ASE) noise due to optical 
amplifiers deployed on the line [11].  
The Doppler shift (or the Doppler Effect) can be 
caused by mixing different modes or different paths, 
which can all be a separate study. However, it is not 
caused by usual reasons, such as movement of the 
observer, transmitter or receiver. Doppler shift can 
also be caused by scattered light in the optic 
material. 
Frequency of the Doppler-shifted scattered light is: 
 
 fs = fp - fb ,   (2) 
 
where fp denotes that „pump“ is incident on a 
material medium, fb denotes the medium of 
thermally-generated phonon, and fs denotes 
scattered light frequency.  
Not all phonons have exactly the same frequency. 
Lifetime broadening of the phonon line means that 
phonon frequency is in the approximate range of: 
 






















  where n is the 
refractive index of the medium, fs is the velocity of 
sound, 0 is the optical wavelength, and ph is the 
lifetime of a phonon. 
Calculations show that this effect remains confined 
to a single channel of the optic communication link 
for infrared windows. 
It would be also interesting for some readers to 
grasp the length of fiber optics aboard ships. It 
depends on the type and size of the ship. A cargo 
ship with fiber optic temperature sensors can have 
multiple ship length of optic fibers only for these 
sensors [12], without taking into account 
communication systems, ship’s LAN, integrated 
ship’s functions, etc. 
Additional information about multipath in optical 
communication systems could also be found in [13], 
and for design of the optic communication system 
using Simulink, in [14]. Lasers (possible sources) 
were reviewed in [15].  
 
3 Results and discussion   
 
Our intention was to simulate the influence of the 
changes in fiber optic media on the transmitted 
signal. Hence, it was interesting to simulate changes 
in the optic media parameters and examine the 
influence of these changes on the receiver part of 
the communication system. Therefore, parameters 
of the “media” were changing and the output 
constellation is observed. The ultimate goal should 
be to determine which spectrum type is the best in 
view of BER. 
A subsystem is constructed in order to simulate the 
fiber optic channel. The subsystem consists of two 
blocks without I/O (see Fig. 2). Spectrum types and 
parameters for different spectrum types are adjusted 
in the Simulink block “Multipath Rayleigh Fading” 
(red circle in Fig. 2). Fig. 2 shows only a subsystem 





Figure 2. Fiber optic media – a subsystem (under 
the mask) within the simulation model. 
 
Since there are different possibilities in modeling 
the optic fiber channel, all available spectrum types 
have been simulated. Setups for different spectrum 
types are as follows. 
For the Asymmetrical Jakes spectrum type, setups 
are (Matlab denotation):  
- Maximum Doppler shift (Hz): 100, 
- Minimum and maximum Doppler 
frequencies, normalized by maximum 
Doppler shift: [0 1];  
- Discrete path delay vector (s): [0 2e-6]; 
- Average path gain vector (dB): [0 -3]; 
- Initial seed: 73. 
For the Bell spectrum type, setups are: 
- Maximum Doppler shift 100 Hz;  
- Bell coefficient 9;  
- Discrete path delay vector [0 2e-6] s; 
- Average path gain vector [0 -3] dB; 
- Initial seed: 73. 
For the Bi-Gaussian spectrum type, setups are: 
- Maximum Doppler shift 100 Hz;  
- Standard deviation of the 1st Gaussian 
function normalized by maximum Doppler 






- Standard deviation of the 2nd Gaussian 





- Center frequency of 1st Gaussian function, 
normalized by maximum Doppler shift: 0.0;  
- Center frequency of 2nd Gaussian function, 
normalized by maximum Doppler shift: 0.0;  
- Power gain of 1st Gaussian function (linear 
scale): 0.5;  
- Power gain of 2nd Gaussian function (linear 
scale): 0.5; 
- Discrete path delay vector (s): [0 2e-6];  
- Average path gain vector (dB): [0 -3]; 
- Initial seed: 73. 
For the Rounded spectrum type, parameters used 
are: 
- Maximum Doppler shift (Hz): 100; 
- Polynomial coefficients of the Doppler 
spectrum: [1 - 1.72 0.785]; 
- Discrete path delay vector (s): [0 2e-6];  
- Average path gain vector (dB): [0 - 3]; 
- Initial seed: 73. 
For the Gaussian spectrum type, parameters are: 
- Maximum Doppler shift (Hz): 100;  
- Standard deviation of Gaussian function, 




- Discrete path delay vector (s): [0 2e-6]; 
- Average path gain vector (dB): [0 - 3]; 
- Initial seed: 73. 
For the Flat spectrum type, parameters are: 
- Maximum Doppler shift: 100 Hz;  
- Discrete path delay vector (s): [0 2e-6];  
- Average path gain vector (dB): [0 - 3]; 
- Initial seed: 73. 
For the Jakes spectrum type, parameters are: 
- Doppler 100 Hz;  
- Discrete path delay vector (s): [0 2e-6];  
- Average path gain vector (dB): [0 - 3]; 
- Initial seed: 73. 
Fig. 3 shows BER in simulated time interval for all 
Doppler spectrum types for the same SNR (Signal-
to-Noise Ratio). Fig. 3 shows that the waveform 
of BER over time has been similar for various 
spectrum types. This can mean that BER is not 
dependent on the spectrum type. 
Table 1. presents results for the average BER in 
cases of all considered spectrum types at the same 
SNR. 
 


























Figure 3. BER for change of Doppler spectrum type 
in Multipath Fading Channel Simulink 
block. 
 
Table 1. Mean BER for different Doppler spectrum 
type – simulation results for the same SNR 
 







Asymmetrical Jakes 0.9624 
 
Following results show the influence of the SNR 
exerted on output constellation. Fig. 4 shows phases 
of end-to-end constellation, i.e., the phase of input-
output relationship. 
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Figure 4. Phases of end-to-end constellation for 
various spectral types: a) lower zoom,    b) 
higher zoom. 
 
       





















Figure 5. Time dependence of the SNR influence to 
the BER for the Gaussian spectral type 
(an enlarged part of the graph). 
 


























Figure 6. Phase of end-to-end constellation for  
SNR = 10 dB. 
  


























Figure 7. Phase of end-to-end constellation for  
SNR = 1 dB. 
 


























Figure 8. Phase of end-to-end constellation for  
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Figure 9. a) Comparison of the phase of the end-to-
end constellation for SNRs 1, 10, 20, and 
100 dB (phase in rad), b) the same with 
normalization to 2 rad (periodicity 
included). 
 























Figure 10. Time dependence of BER for Jakes 
spectrum type for SNRs 1, 10, 20 and 100 
dB for simulated time period. 
 
Fig. 5 shows time change of BER for various SNRs 
and for the Gaussian spectral type. It can be seen 
that no significant influence of SNR in 
communication channel has been exerted on BER 
over time. Namely, waveforms are similar for 
different SNRs. BERs are slightly lower for higher 
SNRs, but it is visible at enlarged figure. For 
various SNRs, Figures 6, 7, and 8 show the phases 
of the end-to-end constellation (input/output 
relationship). Fig. 9 enables an easy view for the 
comparison of the results from Figures 6, 7, and 8. 
It can be seen that the lowest SNR produces the 
largest shift to the right in the figure. However, a 
waveform remains similar. It means that SNR 
changes the phase of transmitted signal, which 
becomes more or less negative. Of course, this can 
be delusive. If it is considered that only 360 (or 2 
rad) can be an angle, and higher values mean more 
cycles than a totally different figure can obtain. 
However, if a mean is calculated for input-output 
variables under various SNRs, central coordinates 
are obtained. For SNR = 1 dB, mean coordinates are 
(-0.0012,.-0.0017). For SNR = 10 dB, these 
coordinates are (-0.0015, -0.0017). For SNR = 20 
dB, the mean coordinates are (-0.0012, -0.0017).  
 
  



























Figure 11. Comparison of phases of the end-to-end 
constellation in Jakes spectrum type with 
SNRs 1, 10, 20 and 100 dB (phase in rad). 
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Figure 12. Absolute values (magnitudes of complex 
signal spectrum) of the end-to-end 
constellation for Jakes spectrum type with 
SNRs 1, 10, 20, and 100 dB (all are 
parameters of the communication channel 
adjustable in Simulink blocks). 
 
Finally, for SNR = 100 dB, the mean cooridnates 
are (-5.659710-4, -8.809310-4).                                 
These center coordinates can be interpreted as if 
there are no effects of increased SNR to phase 
characteristics.  But, it can be also noticed that the 
central point for SNR = 100 dB is (52.8%, 48.18%) 
closser to the center of the point of origin (0, 0) than 




Figure 13. Absolute values (magnitudes of complex 
signal spectrum) of the end-to-end 
constellation for Flat spectrum type with 
SNRs 1, 10, 20, and 100 dB type, 
parameters adjustable in modeled 
Simulink blocks (simulation output 
variables 2 and 3 at different axes). 
 






























Figure 14. Comparison of phases of the end-to-end 
constellation in Flat spectrum type with 
SNRs 1, 10, 20 and 100 dB (phase in rad). 
 
BER time dependence is showed in Fig. 10 for 
Jakes spectrum type in the simulated time period. 
Several SNRs were investigated and presented as 
different curves. It can be seen that the signal 
exhibits non-stationary oscillations around the 
average. 
Fig. 11 shows comparison of the phases of the end-
to-end constellation in the Jakes spectrum type with 
SNRs 1, 10, 20 and 100 dB. It can be observed that 
the lowest SNR produces the largest shift to the 
right.  
From Figures 12 and 13, it can be seen that absolute 
values are not well suited for investigation on 
spectral types. Different values of SNRs are mixed 
up and they are hence not suitable for a human 
observer to reach conclusions. The variable denoted 
as simout2 is taken between QAM block and raised 
cosine transmit filter in the transmitter part of the 
communication system. The variable denoted as 
simout3 is taken between raised cosine receive filter 
and QAM block in the receiver part of the 
communication system. Magnitudes correspond to 
the dB units, but the point is in the relation between 
input and output variables. As expected, the 
magnitudes of the receiver part are significantly 
lower than from the transmitter part of the 
communication system. 
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Figure 15. Time dependence of BER for Flat 
spectrum type for SNRs 1, 10, 20 and 100 
dB for simulated time period. 
 
Fig. 14 shows the comparison of the phases of the 
end-to-end constellation in Flat spectrum type with 
SNRs 1, 10, 20 and 100 dB. The same conclusions 
can be also reached in the case of Jakes spectrum 
type. 
Fig. 15 shows time-dependent graph of the BER for 
the Flat spectrum type for SNRs 1, 10, 20 and 100 
dB in the simulated time period. It can be seen that 
curves for different SNRs are following similar 
waveforms. 
Table 2. presents the influence of the SNR on the 
mean BER value in the case of the Flat spectrum 
type. It can be seen that an increase in SNR 
increases the mean BER value. 
 
Table 2. SNR influence to BER for the Flat 
spectrum type 
 
SNR [dB] Mean value of the 






4 Conclusion  
 
This research shows the complexity of ship 
integrated communication design based on fiber 
optic media. The paper examines only one problem 
– the choice of the channel representation and some 
parameters changes.  
It can be concluded that the most reliable spectrum 
type of the analyzed set is Asymmetrical Jakes. 
Furthermore, an increase in SNR results in non-
proportional and non-significant increase in BER. 
Furthermore, a phase does not produce useful 
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